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INTRODUCTION 
Purpose of the Investigation 
The electronic configurations of the rare earth metals 
differ from each other, in most cases, only in the number 
of electrons in the l(f shell. Studies of the physical 
properties of these metals should, in the long range view, 
provide a better understanding of metals in terms of their 
electronic structure. The measurements reported here were 
initiated as a part of a broad program of determining the 
physical properties of these metals. 
From a more immediate viewpoint, the study of the 
thermoelectric properties of the rare earths provides a 
confirmation of the anomalous behavior noted in heat ca­
pacity, resistivity, thermal expansion and magnetic moment 
measurements at the magnetic transition temperatures. These 
temperatures, with the exception of the Curie point of gado­
linium, all fall below room temperature. The thermoelectric 
measurements also provide quantitative data of the Seebeck, 
Peltier, and Thomson coefficients of the rare earths. Be­
cause thermoelectric effects depend strongly on impurities 
in metals, the reported curves of thermoelectric power 
versus temperature must be viewed with caution. However, 
the curves may be regarded as representative of the general 
shape expected for the pure metals. 
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General Comments on Thermoelectricity 
Thermoelectricity has a curious history. Although 
the principal thermoelectric effects have been well-known 
for over a hundred years, very little utilization of them 
was made, except for temperature measurement, until just 
recently. 
Seebeck discovered the effect that bears his name in 
1822, when he noticed that currents are caused to flow in 
a closed circuit made up of two or more conductors at differ­
ent junction temperatures. He was more interested, however, 
in the magnetic phenomena which accompanied this current 
and even attempted to relate the earth's magnetism to the 
temperature difference between the equator and the poles. 
For an interesting account of Seebeck1s experiments, see 
Ioffe (27, p. 3). 
In 1831|. Peltier (5>0) reported on some temperature 
anomalies observed at the boundary between two conductors 
when a current was passed through them. This phenomenon, 
later called the Peltier effect, consists of the generation 
or absorption of heat 
Q « 3ti 
at the junction when a current i is passed through the con­
ductors; here % is the Peltier coefficient. 
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An example of the confusion that surrounded some of 
these early experiments on electricity can be seen In an 
Incident concerning Peltier's work. In his first paper (50) 
describing this effect, he reported the temperature anomaly 
as degrees of galvanometer deflection caused by the current 
produced by a thermocouple attached to the junction. At the 
same time, he reported, also in degrees of galvanometer 
deflection, the current through the junction. Several years 
later his son, writing a book about the life and scientific 
endeavors of his father (4-9), again reported on the thermo­
electric effect bearing his name, but gave the temperature 
of the junction in degrees Centigrade, copying down the 
same figures that his father had called degrees of galva­
nometer deflection. 
A third Important thermoelectric effect was predicted 
by Thomson (58); this consists of the generation or ab­
sorption of heat 
q = cri bT/ùx 
by the passage of a current 1 through a homogeneous con­
ductor in which there is a temperature gradient c>T/^x. 
cr later became known as the Thomson coefficient. 
Consider two metals forming an open circuit as shown 
in Figure 1. The thermoelectric force is defined to be 
@22 = VA ~ VD* ** *8 ^dependent of TQ and is a function 
A B CD 
metal 2 metal 1 metal 1 
^ G m r] il r 
Figure 1, The thermoelectric circuit 
of Tf and T" only® If Tr is held fixed and T" = T ia 
varied, then S^ = dô^/dT is a function of T only. It is 
called the Seebeck coefficient, thermoelectric force per 
degree, or thermoelectric power and is positive if 
is increased when T" is increased (16, 62, p. 203). The 
term thermoelectric power (TEP) is coming into more general 
use recently and will be used in this report. 
Thermodynamic relationships exist between n, C , and S. 
Suppose points A and D in Figure 1 are Joined by a fine wire 
of large resistance, so that any current that passes around 
the circuit does so slowly enough that the process may be 
considered reversible. Let unit charge pass around the 
circuit in the direction ABCDA. By the first law of thermo­
dynamics, dU = dQ + dVT, so that, for a complete cycle, the 
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total work done plus total heat given out must be zero. 
Total work done Is simply 6^2' Total &%%%%# of heat given 
out is: 
&» (*22 ) T' ® * 
b • • 0*12^ Ttt ® * 
C /-T" 
o. J ^2 ix dx * J dT in conductor 2, and 
B T» 
T0 .T' T" 
d. J 0^ dT + J (Tx dT = - J (Tx dT in 
T" Tq T' 
conductor 1. Thus, 
mtl 
@tp + C®12^T' "* (n12) Tn + J (^2 ** ^1^ ^  ~ ^  
Also, according to the second law of thermodynamics, the 
total entropy change for the reversible process must be zero, 
Thus we have 
r1" dI _ 0 . (2) 
T» 
By differentiating Eq. (1) with respect to T" and putting 
T" = T, we obtain 
dei9 du, « 
"ïïî anr+ ^2 " ^ 1= 0 
and by differentiating Eq. (2) we find 
d *12 _ ^2 " ^1 
$ 
IT "7? F 
Combining Eq. (3) and Eq. (I4.) we find that 
d©i2 
*12 x 1 ~W 
and 
d ©TP 
T —5^ » 0"9 - cr 
dT * 1 
I 
or, using S = dô/dT, 
*12 * T S12 
and 
dS 
1 
-3T = °2 " ^ 
Eq. (5) and Eq. (6) are the well-known Thomson relations. 
Thus from a knowledge of the TEP, we may also find the 
Peltier coefficients and Thomson coefficients. 
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One may argue that in addition to the reversible effects 
described above, the irreversible effects of Joule heating 
and heat conduction also take place. Thomson (as quoted by 
Zemansky (63, p. 302)) was the first to realize that these 
two irreversible phenomena could not be eliminated by a 
judicious choice of wire sizes. Thus, if very fine wires 
are used to cut down on heat conduction, electrical resistance 
and consequently Joule heating becomes greater, whereas if 
the wires are made thicker to essentially eliminate electrical 
resistance effects, heat conduction increases. Onsager (45» 
46) has shown that the reversible thermoelectric effects may 
be considered in isolation from the irreversible thermal 
conductivity and resistivity effects. Zemansky (63, p. 302) 
gives a derivation of Eq. (5) and Eq. (6), based on a simpli­
fied version of Onsager's method, and using his famous 
"reciprocal relations". Sondheimer (55) gives a general 
proof of the Thomson relatione, taking into account the de­
parture from equilibrium of both the electron and lattice 
distribution functions. Bridgman (9) also derived the 
Thomson relations without making the assumptions that Thomson 
made. Domenicali (16) gives a very detailed treatment of the 
irreversible thermodynamics of thermoelectricity, using the 
Onsager reciprocal relations. Finally, experimental evidence 
(43, 63, p. 309) shows that Eq. 5 and Eq. 6 have held true 
within the limits of experimental accuracy, admittedly low 
in the case of Thomson coefficients. 
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Note that Eq. (6) shows a relationship between a 
property of the junction of two metals on one side, and the 
difference between two terms, each of which depends on the 
properties of only one conductor, on the other side. Inte­
grating Eq. (6), we find 
where, by the Nernst theorem, equals zero at the lower 
limit of the integral. Thus if we define the absolute TEP 
of a conductor as 
we have - Sp so that we can find the absolute TEP 
of any metal by measuring the thermoelectric voltage against 
some reference metal as a function of temperature. To do 
this we must measure cf for at least one metal down to the 
absolute zero. The Thomson coefficient, however, behaves 
in a very complicated way at very low temperatures, and the 
obvious plan of extrapolating the measured values down to 
absolute zero is useless. Fortunately however, the TEP be­
tween superconductors is zero, which can be interpreted as 
meaning that 0"» 0 below the superconducting transition 
point. Thus, by measuring the TEP between a superconductor 
0 
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and another metal in the normal state, we may measure the 
absolute TEP of the metal in the normal state below the 
transition temperature of the superconductor, and measure­
ment of the Thomson coefficients enable us to obtain S at 
higher temperatures. Christian et al. (10) have recently 
made a redetermination of the absolute TEP of lead by measur­
ing it against the superconductor NbjSn, which has a super­
conducting transition temperature of 18° K. As the Thomson 
heat of lead has been measured down to 20° K by Borelius 
et al. (8), this leaves only the narrow gap from 18° - 20° K 
to be interpolated. 
Free Electron Theory of Thermoelectricity 
We have seen how S is the important quantity to be 
determined, since other thermoelectric coefficients can be 
derived from it. Although considerable care must be exer­
cised in applying the results of a theory based on the free 
electron theory of metals, such a theory is at least a 
starting point and will be derived on the following pages. 
The derivation follows, in general, that given by Wilson (62, 
p. 204). 
We find S from a solution of the Boltzman transport 
equation, 
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v + %. + (4f)coll 
where X are the external forces acting on the electrons, 
f is the electronic distribution function, p is momentum, 
x is position, £-4r) is the time derivative of f caused 
coll 
by collisions. A relaxation time T is defined if f-â-S) 
dZ coll 
f-fô 
» - . , where the electron distribution function at equi-
T 
librium is 
f o  = -3 S - ÏÏL 
1 + exp ( ) 
2 
=r being the density of states in phase space for free spin 
hJ 
1/2 particles, and the remaining term being the probability 
function for Fermi-Dirac particles, with 
2 2 2 
"à 
and Bp = Fermi level. The relaxation time determines the 
rate at which the perturbed electronic distribution ap­
proaches the equilibrium distribution when the external 
forces are zero and \/^f = 0. 
Consider now a sample of metal with a thermal gradient 
dT r* 
applied in the x direction and with a field £ developed 
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by thermoelectric effects. The transport equation becomes 
so that 
af 3 f. 
f = f0 + 7-e&x ~- rvx ,5— . 
The electrical current density j is 
J = - e/ f • dp 
, 3f_ 3 ?frt -, 
= - e/< re VX — - rvx —' * ' 
where the f term makes no contributions 
rœ 
e J *0 Tx dP 
• 00 
_ 2e r ÎT dpjc dp7 dPZ 
T / j % 5 
' •• %v- -i> 
= 0, because integrand is odd. 
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The thermoelectric power S — ^  becomes in the above 
notation 
S = d ÏÏS dx 
A 
We must now take into account the space variation of f , 
because if 
btQ 
= 0, c_ = 0 and consequently the TEP 
OA X 
vanishes. This is true because we are considering the open 
circuit where j = 0. 
Using fQ as chosen above, and supposing a space vari­
ation in T and Bp, 
2£s 
dx h 
exp 
1 + exp ( •) 
but 
h 
I EmEp \ 
(-FTJ i 
ET 
1 + exp (
EmBp) 
so 
d X 2 * [  
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Also 
dfp _ dfo DE df 
TpJ " TET 3B" vx 
Thus 
j - I L K ' x^ ' V S i S  
2 df o B dT 
2 df o 
+ 
' V ar T s (r) dp 
If we now let 
%n = -/rs"-1 vx2 gg2 dp 
= - 2E iS 17'Bn+V2 
dfo 
3ET dE 
—^ , p 12 
since p = S2mE, and, because of the isotropy, vx = y v , 
Then 
e 8fx + «fe(?) v 
. e v dT 
Ki * T K2 a* 
But j « 0, so that 
£.  
Ik  
£ x - e 
m ™ dT TT 
3x" " c5 . 1 ^2 dT 
p + i¥ K^H 
1 dSp K2 " K1BP dT 
ê 3x Kp? 3x 
Then, using Figure 1, we have for the TEP, 
S12 = IT *12 h 
yA 
d 
cTT 
.B 
(f 2 dx + f £ 2 dx + f £ ^  dx 
B 
where the primes are used only to show that the functional 
form of may be different in the two sections of metal 1. 
S12 = 
1 d 
ê 3!F 
B 
A 
I d  (  ^  d T .  
- ë aT J ÏCT ïïx 
A A 
1 d 
•B K e_(1) 
K1BF dT 
+ *îm J -r âtûx 
A 
e 
+ similar terms from the 
other two integrals. 
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After some algebraic manipulation and using the facts 
that: 
(a) Ep/^ (A) = Ep/^)(D), since the wires are identical and 
temperatures at A and D are 
assumed to be the same, 
(b) (B) = Ep^(B), since at the same point, conditions 
of temperature, pressure, etc., 
are the same for both metals, 
we arrive at 
S 12 = • èar 
r D  ,  „  /  k 
A 
t ai (gf " ** 
But 
(D ,T« ,T" zTq 
P(T,x) H dx = / F 1 d T +  P2 dT + | dT 
A TQ Tt T" 
mti 
So, if we let 
(P2 - Px) dT . 
= _ 1 g2 " *1^ 
êiqr 
we have 
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jit 
312 = 
d 
IT (So - S1)dT 
T' 
or, letting T1 = 0 and T" = T, we have S^p = Sg - S^. 
The integrals must be evaluated: 
K. 
n 
- f> -fS |rs^V2 dB 
3? j0 
CD 
rEn+2/2 kT exp \ kT t%) 
1 + exp (îiy \ kT 1 
dE 
The integrand approaches zero for B » Bp, and E « Bp. So, by 
use of an expansion in Taylor's series about E = Bp, 
7(B) = 7 (Bp) E^Va t (B-Ep) [?(^> ^ v'2 ] 
+ | (B-Bp)2 [ ?" (Bp) ] 
B-Ep 
Let • « x, and integrate from - oo to oo , since 
contributions from the integral from having the new lower 
limit less than - ^  will be negligible. 
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?<V2 
00 
e 
-CD (uVr* 
dx 
(><V2)'kT [ irf5 dx 
+ i*|^(r<V2j" yœ 
-00 
xV 
(1+e1)2 
dx 
00 
First term: e 
-oo 
(l+ex)2 l+ex 
-1 
oo 
= 1 
00 
.00 
Second term: xe 
-co 
(1+e*) 
"=-k dx = 0, since integrand is odd, 
c. 
Third term: " 4 ,  =  /  ^  
-oo 
(1+e ) JQ (1+e )' 
dx 
= 2 
00 CD 
-X 
1+e2 
+ 2 / 2xdx 1+e* 
.00 
= 4- xdx 
x 1+e 
4-e| £(2) « j- , 
according to Jahnke and Etade (28, p. 272). 
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tip J^7*(Ep) Eg+V2 + |î (kT)2 _df_ I^Ep) E^"3^2]] . 
h d-Bp 
We now calculate S, using the first non-vanishing terms of 
the expansion in both numerator and denominator. 
S = - -1 K2~5A 
YJF 
16m 42m 
~T 
e 
?Ep^2 + £ -(kT)2 (7^/2). y^5/2 
T -i^L ^  (TEp3/2) 
- Bp j«—(kT)2 -^2 ( 7 Bp3/2) 
l6n ^2m 
-y-3 (rs^3/2) 
Neglecting terms in , we eventually get 
-i «VT 
2? ' 
This shows that, based on the free electron theory, the TEP 
of a metal should be negative and proportional to temperature. 
We should perhaps note now that the thermocouple voltage that 
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S <*T gives when T* is fixed is the ordinary parabolic form. 
Since e appears to the first power, we might expect the TEP 
of a metal that depends essentially on "hole conduction", 
such as antimony, to have a positive TEP. However, even the 
monovalent metals lithium, gold, silver and copper have TEP's 
that are positive instead of negative at ordinary tempera­
tures» Jones (3lf-) shows that it is not necessary to have 
"hole conduction" in order to have a positive TEP. He ex­
plains that if the density of states curve is rising suf­
ficiently rapidly near the Fermi limit, the TEP may become 
positive, even though, as in the case of the noble metals, 
the distortion of the Fermi surface from the spherical form 
is not exceptionally large. This can then only mean that 
the calculation of the TEP requires an accurate knowledge 
of the energy levels and the shape of the Fermi surfaces. 
Conversely, the knowledge of the TEP should contribute to an 
ultimate better understanding of the energy levels. Wilson 
(62, p. 205) derives an expression for the TEP of a metal 
with two overlapping bands, 
s= A2T nl ^ lTl/(lnlEF<1))-I12 
e nl ri/mi + n2 r^m2 
in which we must know the ratio of n^ to n^. 
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EXPERIMENTAL PROCEDURE 
Description of Cryostat 
The cryostat used during this investigation is shown 
in Figure 2. A full-scale sketch of the sample chamber is 
shown in Figure 3- In order to obtain sample temperatures 
from 4.2° K to about 80° K, liquid helium was used in the 
inner dewar, with liquid nitrogen in the outer dewar as a 
radiation shield. For temperatures above 80° K, only the 
inner dewar was used; in this case the inner dewar was 
filled with liquid nitrogen. The sample was clamped secure­
ly to the bottom of a copper housing which was fastened in 
turn to an outer copper container (shown cross-hatched in 
Figure 3) immersed in the liquid. The two copper containers 
were separated by a length of thin-wall stainless steel 
tubing which served as a heat path, and the entire sample 
chamber was evacuated to a pressure of less than 10~^ mm Hg. 
Thus by supplying an appropriate amount of Joule heat to a 
heater wrapped securely around the periphery of the lower 
section of the inner container, the sample could be main­
tained at any temperature above that of the liquid surround­
ing the outer container. Because of the great difficulty in 
ascertaining the equilibrium amount of heat for any given 
temperature and the attendant temperature drift which oc­
curred because of this ignorance, an automatic temperature 
Figure 2. Experimental cryostat for thermoelectric 
power measurement 
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Figure 3» Sample chamber for thermoelectric power 
measurement 
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control system was Incorporated» The sensing device for the 
system was a copper wire wound directly on the inner con­
tainer underneath the heater windings. This wire served as 
a resistor in one arm of a resistance bridge. Another arm 
was provided by an adjustable resistor and the remaining 
two by fixed resistors. The latter three were of the low 
temperature-ooefficient type which have a very small change 
in resistance with change in temperature. The desired sample 
temperature then was merely "dialed in" by means of the 
previously calibrated adjustable resistor. The out-of-
balance voltage from the bridge was then amplified and used 
to operate a servo motor which was mechanically connected 
to an adjustable resistance in series with the heater 
windings. Thus the heater current would be increased or de­
creased to reach bridge balance and hold the desired sample 
temperature. 
A temperature gradient along the sample length was 
maintained by the heater clamped to the upper end of the 
sample. Ordinarily, a temperature difference of some 2°-5° C 
was established between the two ends of the sample. 
Method of Operation 
Copper thermocouple holders were clamped to the sample 
near the upper and lower ends and in the center. Thermally 
connected to the upper and lower thermocouple holders but 
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electrically insulated from them was a copper-constant an 
difference thermocouple. Soldered directly to the upper and 
lower holders were copper wires used to measure the thermo­
electric voltage» Thus we have: 
VSC ~ 3SO + 6sc (7) 
VTC = STC + 6TC 
where is the voltage between the two copper wires 
soldered to the holders, 
Vjq is the voltage between the two ends of the 
difference thermocouple, 
Sgy is the thermoelectric power between the sample 
and copper, in microvolts per degree centigrade, 
Sjg is the sensitivity of the copper-constantan 
thermocouple (in micro-volts per degree centi­
grade) at the temperature measured by an 
additional copper-constantan thermocouple 
soldered to the center thermocouple holder, 
AT is the temperature difference between the upper 
and lower thermocouple holders, 
Ggg and Ôjq are extraneous voltages caused by inhomogene-
ities in the wires, or thermal* in the measuring 
circuit. 
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The extraneous voltages Ôgç and were virtually 
eliminated by careful construction and the use of a potenti­
ometer with a reversing switch to measure V^q and V^,. To 
eliminate any possible contribution to 6^c from large tem­
perature gradients along the constantan wire, the wire was 
brought from the sample chamber to the upper end of the 
cryostat through a small diameter pyrex tubing, thus pre­
venting contact with metal along its length. Contributions 
to @gg or ÔTG from any gradients along the copper wires are 
not very likely to occur because the homogeneity of copper 
can be controlled during its processing. However, a check 
on the elimination of 6^ and 6^ was made at the beginning 
of every run. With the sample at the temperature of the 
liquid surrounding the outer container, and with helium ex­
change gas in the sample chamber, VgC and V^, were measured. 
Usually they were less than 0.1 p.V, although sometimes 
reaching values as high as 0.25 t*V. Voltages of this magni­
tude can be attributed to the fact that it is difficult to 
construct two thermocouples that are identical. If one 
thermocouple gives a voltage reading of, say, 5000 pV at a 
given temperature, another thermocouple constructed at the 
same time with wire from adjoining sections of the same 
spool might give a voltage reading of 5000.2 itV for the same 
temperature. Used as a differential thermocouple then, of 
course, the reading of 0.2 p-V will be obtained even if both 
are at the same temperature. This effect plus the usual 
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drift and non-reproducibi11ty of thermocouples, especially 
at low temperatures, combine to cause the small values of 
Vgg and Vjg that were measured. It was thus assumed then 
that non-zero readings of Vgç and under the conditions 
above were caused by slight variations In Sgj and and 
that 6gc and 6^ w0*® essentially zero. A model 2771 
Rubicon Microvolt potentiometer with a built-in Wenner re­
versing switch (1, p. 271) was used for these measurements. 
The reversing switch serves to cancel out any thermal voltages 
generated in the galvanometer circuit. 
Eliminating AT between Eq. 7 and Eq. 8 and solving for 
SSC' we obtain 
vsc 
SSC = STC • 
Srgy, the sensitivity of a copper-constantan thermocouple at 
the temperature measured at the center holder, was read from 
a curve constructed from tables published by Powell and Bunch 
(51) • A copper-constant sin thermocouple was calibrated by the 
usual method, using corrections from a calibration given by 
Powell and Bunch (5l)« 
Thus by a measurement of and VTC at various tempera­
tures between that of liquid helium (about %..2* K) and room 
temperature, and knowing 8^ for the same temperature region, 
Sqq can be obtained as a function of temperature. It now 
remained to find the absolute TEP of a sample by obtaining 
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the absolute TEP of the copper wires used. This was measured 
by inserting a rod of 99*999$ pure lead obtained from the 
American Smelting and Refining Corp. into the sample chamber 
and measuring the relative TEP between lead and copper. 
Results are shown on curve D, Figure 1*.. Then using the now 
well-established absolute TEP data of Christian et al. (10) 
(curve B, Figure I4.) for lead, the absolute TEP of the copper 
used in the present investigation was determined. The more 
obvious plan of merely correcting Sgg for the absolute TEP 
of copper from published data on copper is valueless because 
of the great dependence of the TEP of copper on impurities. 
By the definition, sg = SC ~ sgc» the data needed 
to find Sg, the absolute TEP of the sample as a function of 
temperature, were then available. 
Estimate of Accuracy 
A quantitative estimate of accuracy of measurement is 
difficult to make. That the measurements are Internally 
consistent is evident in the lack of scatter in most of the 
resulting curves. Systematic errors, however, are difficult 
to evaluate. They result from various sources: 
1. Lack of reproducibility of thermocouples used 
to measure temperature and temperature gradient. 
2. Deviation of S^c of thermocouple used from the 
curve of Powell and Bunch (51) • 
Figure I4.. Curves used to determine absolute thermo­
electric power 
A. Absolute thermoelectric power of copper 
used in this study 
B. Absolute thermoelectric power of lead 
as measured by Christian et al. (10) 
C. Relative thermoelectric power between 
lead and copper according to Borelius 
et al. ( 7 )  
D. Relative thermoelectric power between 
lead and copper used in this study. 
31 
k: 
o 
0 
> 
(r 
LU 
£ 
o 
ÛL 
y -1 
cr 
h-
O 
y - 2  
LU 
O 
cr 
LU 
X 
I— 
-3 
- 4  
0 40 80 120 160 
TEMPERATURE, °K 
-o -o-
-o— 
_l I I I I I I I 
160 200 240 280 
:ATURE, °K 
32 
3. A thermocouple's Inherent shortcoming of 
measuring its own temperature rather than 
that of the sample to which it is attached. 
4. Errors caused by non steady-state conditions. 
The third source of error is the one most likely to 
cause serious trouble. Especially is this true of the dif­
ferential copper-constantan thermocouple used essentially 
to measure AT. It was Imperative to insulate it electrically 
from the thermocouple holders but still maintain good thermal 
contact. This was accomplished by first coating the thermo­
couple junctions with several layers of sauereisen, then 
gluing them in place with G. E. adhesive. They were glued 
into a #60 hole drilled about 3/16" deep into the copper 
thermocouple holders. It is possible that the thermal con­
tact resulting from this procedure is not as good as could 
be reasonably expected. A systematic investigation of the 
error resulting from this possibility was not attempted, but 
a comparison of the relative TEP between lead and copper as 
measured by Borellus et al (7) and in the present study 
(curves C and D, Figure 1*.) at least indicates that the re­
sulting error was not great. Differences between the curve 
of Borellus et al. (7) and the present one are easily at­
tributable to differences in heat treatment and composition 
of the copper. 
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Errors caused by non steady-state conditions would 
ordinarily be considered as random errors and are such 
throughout most of the temperature range covered. The tem­
perature gradient along the sample and the average sample 
temperature could be increasing or decreasing very slightly 
while readings were being made, but here again, lack of 
scatter in the data is evidence that errors resulting from 
this effect are inconsequential. However, at low tempera­
ture s , say below 20° K, where lack of steady state conditions 
will cause the larger relative errors, the temperature gradi­
ent was always getting larger while data were being taken, 
and the average sample temperature was always increasing so 
that any resulting error could be considered systematic. 
At these low temperatures, also, temperature drifts occurred 
at a faster rate than at higher temperatures, where equi­
librium conditions could be closely approximated. The error 
results from the fact that Vgg 1= a measure of SgçAT, AT 
being the temperature difference between the two points of 
contact of the thermocouple holders with the sample, while 
Vjç is a measure of 8^ AT, AT here being the temperature 
difference between the two thermocouple holders. The two 
AT's will be the same at equilibrium, but because of the 
finite value of the heat capacity of the thermocouple holders, 
will not be the same under conditions of drifting tempera­
tures. Brrors resulting from lack of reproducibility of the 
thermocouples and deviation of the 8^ of the thermocouple 
3k 
from the curve of Powell and Bunch (51) are also relatively 
larger at low temperatures. As a check on the reproduci­
bility of the experimental equipment, a second measurement 
of the TEP was made on terbium. The slight difference in 
the two runs can be seen in a later section of this report. 
Some six months elapsed between the two runs. In summary, 
the data below about 20° K should be considered as only semi­
quantitative ly correct. Above 20° K, Sg is estimated to be 
accurate within ±0.1 jiV/°K and the temperature to be ac­
curate within ± 0.3° K. 
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MATERIALS TESTED 
It would be extremely advantageous, of course, to have 
practically "pure" samples for thermoelectric measurements. 
As several investigators have pointed out, very small amounts 
of impurities cause large changes in thermoelectric power, 
especially at very low ( < 30° K) temperatures. Changes in 
order of magnitude and even of sign are noted in absolute 
TEP when small amounts of impurity are added to the parent 
metal. 
The metals used in this investigation are of the highest 
purity available at the present time. Even so, their purity 
probably seldom exceeds 99*9$ and sometimes may be less than 
99.5$. The samples were cast slightly larger than the size 
required, and then turned to shape on a lathe. lathe turn­
ings and/or small pieces from the ends of the castings were 
analyzed spectroscopically for other rare earths and common 
metals. In addition, some metals were analyzed chemically 
for carbon and nitrogen. 
As an additional indication of the purity of the samples, 
the residual resistivity is given. Resistivity measured at 
4.2° K was assumed to be the residual value. As has been 
rather well established, the residual resistivity, due to 
electron-impurity scattering, is related to percentage of 
impurity for any given metal. 
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Sample analyses are given below; unless otherwise 
specified, amounts of impurities are given in percent. 
Yttrium Ca, <0.02; Fe, 0.05; Mg, <0.01; Si, 0.5; 
Ta, < 0.1; Cr, 0.1; Ti, trace; Dy, -0.005; 
Gd, S o.Ol; Ho, ^  0.05; Er,^ 0.005; Sm, ^ 0.05; 
Tb, £ 0.0I4.; Si, weak; Zr, faint trace. 
«•A 
Residual resistivity, 5»2 x 10 ohm-cm. 
Estimated purity, >99.2$. 
Lanthanum Nd, 6. 0.02; Ce,-0.03; Ca, < 0.01; Fe, 0.15; 
Mg, <0.01; Si, < 0.01; Ta, 0.2; Cu, trace, 
Pr, 3 0.03; Ni, very weak; Sm, faint trace. 
Al, B, Co, Dy, Er, Eu, Gd, Lu, Pb, Sc, Si, 
Tb, Tm, Y, Yb not detected. 
Residual resistivity, 5*2 x 10™^ ohm-cm. 
Estimated purity, >99.5$. 
Praseodymium Nd, £ 0.02; Ce ^ 0.1; La, 5 0.005; Ca, 0.1; 
Fe, 0.02; Mg, <0.01; Si, <0.025; Ta, 0.2; 
Cr, 0.01; Cu, trace ; Mn, faint trace; Ni, 
trace; Ti, weak; Y, trace. Ag, Al, As, Ar, 
B, Be, Bi, Cd, Co, Dy, Er, Eu, Fe, Gd, Ge, 
Hf, Eg, Ho, In, Ir, Li, In, Mo, Na, Nb, p, 
Pb, Pt, Rh, Sc, Sm, Sn, Sr, Tb, Te, Tm, V, 
V, Yb, Zn, Zr not detected. 
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Ne odymium 
Samarium 
Gadolinium 
Residual resistivity, 0.07 x lO~ ohm-cm. 
Estimated purity, >99.5$. 
Ca, <0.05; Fe, < O.OQ5; Mg, <0.01; Si, <0.025; 
Ta, <0.1; Cr, <0.01; Cu, trace ; Mn, very 
weak; Ni, trace; Pr, 5 0.08; B, trace ; Sm, 
<0.06. C, 333 ppm; N, 1|B ppm; 0^, 350 ppm; 
As, Au, Be, Bi, Cd, Co, Ga, Ge, Eg, In, Mo, 
Nb, P, Pb, Ru, Sb, Sn, Ta, Te, Ti, TI, V, W, 
Zr not detected. 
Residual resistivity, 7.35 x 10~^ ohm-cm 
Estimated purity, >99.7$. 
Nd, < 0.02; Ca, <0.03; Fe, 0.0Q5; Mg, <0.01; 
Si, <0.01; Cu, 0.Q5; Gd, ±0.02; Bu, <-0.005; 
Residual resistivity, 6.3 x 10*"^ ohm-cm. 
Estimated purity, 99.8$. 
Nd, <0.05; Ca, 0.06; Fe, 0.02; Mg, ^ 0.01; 
Si, 0.025; Ta, < 0.1; Y, 5-0.05; Dy, ^ 0.01; 
Eu, ^  0.01; Sm, - 0.05; Tb, -0.01. Au, B, Be, 
Bi, Co, Cr, Cu, Ga, Ge, Hg, Ir, Mn, Mo, Na, 
Pb, P, Pd, Rh, Ru, Sm, Sr, Ti, TI, V, W, Zn, 
Zr not detected. C„ 210 ppm, N, 130 ppm. 
Residual resistivity, x 10**^ ohm-cm. 
Estimated purity, >99.6$. 
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Terbium 
Dysprosium I 
Dysprosium II 
Holmiua 
Ca, 0.04; Dy, 0.05; Gd, 0.Q5» Eu, Fe, Ho, 
Si, Ta, Y, Yb, Tm, La, Iu, Nd, Pr, Er not 
detected. 
Residual resistivity, 3«5 x 10™^ ohm-cm. 
Estimated purity,;>99*8$. 
Ca, very faint trace; Mg, very faint trace; 
Ta, 0.2; Y, < 0.01; Er, < 0.02; Ho, < 0.02; 
Tb, < 0.1; Si, <0.03; C, 100 ppm; N, 1$ ppm; 
Fe, Al not detected. 
Residual resistivity, 2.1+ x 10**^ ohm-cm. 
Estimated purity, 99.7$. 
Yb, - 0.0005; Er, 0.6; Ho, ±0.02; Y,±0.007; 
Tb,S. 0*1; Al, faint trace; Ca, trace; Cu, 
trace; Fe, faint trace; Mg, trace; Si, trace ; 
Yb, faint trace; B, Co, Ni, Pb, Y not detected. 
Residual resistivity, 9.0 x 10™^ ohm-cm. 
Estimated purity, > 99*2$. 
Tm, <0.01; Ta, 0.2; Cu, trace ; Ni, trace ; 
Y, < 0.01; Dy, ^ O.Olj.; Er, ^ 0.02; Tb, < 0.01; 
C, 75 ppm; N, 94 ppm; Si, 0.02. Mo, Cr, Al, 
Sc not detected. 
Residual resistivity, 7.0 x 10™^ ohm-cm. 
Estimated purity, >99.6$. 
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Erbium La., trace ; Ga, < 0.01; Fe, 0.02; Mg, <0.01; 
Si, <0.01; Y, <0.01; Dy, < 0.0#; Ho, < 0.08; 
Tm, ^ 0.002; Yb, 5 0.0002. Al, B, Ce, Eu, 
Gd, Lu, Nd, Ni, Pb, Pr, Sc, Si, Sm, Tb, Y, 
Yb not detected. 
Residual resistivity, 1^,7 z 10"^ ohm-cm. 
Estimated purity, >99.8#. 
Thulium Lu, ±0.003; Yb, <0.01, Er, ± 0.00^; Ho, 5 0.02; 
Y, ± 0.006; Ca, trace ; Fe, very weak; Mg, 
faint trace; Si, faint trace; Al, B, Ce, Co, 
Cu, Dy, Eu, Gd, La, Lu, Nd, Ni, Pb, Pr, Sc, 
Sm, Tb not detected. 
Residual resistivity, 8.8 x 10~^ ohm-cm. 
Estimated purity, >99.8#. 
Ytterbium Ca, weak; Fe, medium; Mg, very weak; Si, 
trace ; Ta, weak; Cr, faint trace ; Cu, weak; 
Mn, faint trace; Ti, very weak; Y, trace; Al, 
trace ; Ho, trace ; Pb, very weak. Be, Ce, Dy, 
Er, Eu, F, Ho, La, Lu, Nd, Pr, Se, Ta, Tm, Y, 
Yb not detected. 
Residual resistivity, 2.3 x 1O~^ ohm-cm. 
Lutetium Ce, < 0.05; Ca, < 0.05; Fe, <0.01; Mg, < 0.03; 
Si, <0*03; Ta, medium; Cr, <0.01; Cu, <0.02; 
Mh, very weak; Y, 0.05; B, very weak; Ni, 
ko 
trace ; Pb, trace; Sc, <0.02; Sm, <0.002, 
Yb, < 0.005. C, 66 ppm; N, 720 ppm; As, Au, 
Ba, Be, Cd, Go, Cr, Ga, Hf, Hg, In, Na, P, 
Pt, Eu, Te, Ti, TI, V, Zr not detected. 
Residual resistivity, lj..5 x 10™^ ohm-cm. 
Estimated purity, 99.6#. 
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RESULTS AND DISCUSSION 
The thermoelectric powers of yttrium, lanthanum and 
eleven of the rare earth metals are plotted versus tempera­
ture on Figures 6 through 18. The temperature range covered 
was approximately 7° K to 300° K, with the exception of 
gadolinium, for which the upper limit was extended to about 
330° K in order to show the magnetic transition. 
Anomalous behavior of TEP near the ferromagnetic Curie 
point has been known for a long time (18). Dorfman and 
Jaanus (18) and Bates (lp attribute the anomaly to the re­
lease of one electron from each ferromagnetic atom as it 
passes from the ferromagnetic to the paramagnetic state. 
Mott (ill}.) shows that for an s electron with spin parallel 
to the direction of magnetization, the number of positive 
holes available for transition decreases as magnetization 
increases. This leads to a more rapid variation of the 
relaxation time with energy near the Fermi level and hence 
to larger value of S below the Curie point. This is more 
readily seen from the equation 
which is derived by Mott (1|4), where is the relaxation 
time for s electrons with spins parallel to magnetization 
k2 
and Y £ is the relaxation time for s electrons with spin 
antip&rallel to magnetization. 
More recently, Kasuya (35) has derived some equations 
for the TEP of ferromagnetic materials, using a molecular 
field approximation for temperatures below the Curie point 
and a spin wave approximation for sufficiently low tem­
peratures. Using these equations, he predicted the TEP of 
gadolinium and drew a set of three curves, one for the 
normal part of the TEP (derived in the introduction to this 
paper), the other two for the anomalous part of the TEP, 
using the molecular field approximation for one curve and 
the spin wave approximation for the other. His prediction, 
together with the experimental results for gadolinium, is 
shown in Figure 5« Except for the maximum in the experi­
mental curve near 20° K (t = 0.07), his prediction is at 
least qualitatively correct. 
On the other hand, his theory predicts that the anoma­
lous part of the TEP would disappear for metals with some 
sort of antiferromagnetic ordering, a prediction which is 
not verified by experiment, as we shall see in the case of 
dysprosium. 
The anomalous behavior of the TEP of most metals near 
20° K has been attributed to various sources. Borellus (6) 
has shown how the TEP of Cu near 20° K is affected by the 
addition of 0»004 atomic percent iron and also how the 
addition of various percentages of gold affects the absolute 
Figure 5» Comparison of Kasuya's prediction with 
experimental results 
A. sj| as predicted by molecular field 
approximation 
B. Sg as predicted by spin-wave approximation 
C. Sg from free electron theory 
D. Experimental from present study. 
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TEP of silver at low temperatures. Borellus et al. (8) also 
have presented data on the TEP of gold with small quantities 
of Fe, Cr, Ni, Mh, and Ti, respectively. Many other in­
vestigators (see, for example, (6, 12, 17, 40* 42 , 48 , 52)) 
have reported anomalous behavior at low temperatures, the 
sharp maximum or minimum in TEP sometimes decreasing and 
other times increasing with percentage of impurity. Even 
lead, now accepted as the standard (10, 30) reference metal 
for measuring absolute TEP, shows a pronounced "bump" in 
its TEP curve near 20° K. According to Jan et al. (30), 
however, the TEP of lead is not much affected by small 
amounts of Cd, In, Sn, Bi, so that it is difficult in the 
case of lead to attribute the anomaly to impurity scattering. 
It is also possible to blame the low temperature TEP anomaly 
on "phonon-drag", first proposed by Gurevich (as quoted by 
Ioffe (27, p. 26)), a phenomenon whereby the electrons are 
carried along by the lattice vibrational waves, contributing 
to a larger TEP at low temperatures where the effect is more 
pronounced. However, as MacDonald and Pearson (42) point 
out, it is difficult to understand then why the phonon drag 
effect is not also always present in "pure" metals, depending 
as it does on lattice-electron scattering. 
Kasuya ( 3 5 )  states that this anomalous behavior of the 
TEP of metals may be caused by some sort of magnetic ordering 
that can take place even in very dilute alloys. He gives 
this as a possible reason, for example, for the large 
¥> 
minimum near 20° K in the TEP of very dilute copper alloys 
as measured by MacDonald and Pearson (lp.). However, he makes 
no attempt to compare qualitatively the theoretical and ex­
perimental values* 
Yttrium 
The thermoelectric power of yttrium versus temperature 
for the temperature range of about 5° -300® K is shown in 
Figure 6. It is difficult to say whether or not the TEP actu­
ally becomes negative below 8° K as is shown in the figure. 
As the TEP was measured against copper and the absolute TEP 
of copper subtracted as a correction, it is quite likely that 
the measured values at these very low temperatures were enough 
in error to cause an apparent change in sign below 8e K where 
none actually exists. The same question arises from the 
curves of a couple of the other metals measured. 
The TEP of yttrium at high temperatures (0® -1000® C) has 
recently been measured by Johansen and Miller (33), who give 
their results as TEP between platinum and yttrium. Using the 
values of Cusack and Kendall (ll*.) for the absolute TEP of 
platinum and inferring a sign convention that Johansen and 
Miller do not state, a value of the absolute TEP of yttrium at 
0® C of -1.35|iV/eK was arrived at. This compares favorably 
with a value of -0.90 nV/°K at 0® C in the present study. The 
difference is easily attributable to the different samples 
Figure 6. Absolute thermoelectric power of yttrium 
versus temperature 
Insert : A* Thermoelectric power of yttrium from 
data of this study 
B. Thermoelectric power of yttrium from 
data of Johansen and Miller (33)• 
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used. Part of the results of Johansen and Miller are shown, 
together with part of the low temperature data, as an Insert 
in Figure 6. 
The absolute TEP of yttrium becomes positive at about 
300° C according to Johansen and Miller and it is suspected 
that the absolute TEP of many of the other rare earths be­
come positive at temperatures higher than those covered In 
the present study. The only two rare earths measured that 
show S increasing with increasing temperature near room 
temperature are samarium and ytterbium, for which S is al­
ready positive. 
The electrical resistivity of yttrium has been measured 
by Hall et al. (25) on single crystals and by Colvin* on a 
polycrystalline sample. They report the resistivity to have 
the normal behavior for metals, with no magnetic anomalies. 
Lanthanum 
Lanthanum has been reported by several Investigators 
(see, for example, (2, 56)) as having a mixture of both the 
face-centered cubic structure and a close-packed hexagonal 
structure with a stacking sequence ABAC. The face-centered 
cubic structure is stable above 260° G and this structure 
can be obtained at room temperature (2) by annealing at 
^Colvin, R., Ames, Iowa. Electrical resistivity of 
yttrium. Private communication (I960). 
5o 
i|00° G for four and one half days and quenching. Anderson 
et al. (2) report attempts to get the pure hexagonal form 
without success. Since no attempt was made to anneal the 
sample In the present study, it is quite probable that both 
crystal structures existed. The curve of the TEP of lantha­
num is shown In Figure 7. Other attempts to duplicate this 
curve were unsuccessful. The general temperature dependence 
was about the same but the magnitude varied from one run to 
the next. Much more scatter in experimental points about a 
smoothed curve than exists for the curves of the rest of the 
metals can also be noted. Kevane et al. (36), while measur­
ing the Hall effect in lanthanum reported the same difficulty 
with varying magnitude during different runs, even after 
attempts to get the pure face-centered cubic form by an­
nealing and quenching. Since the magnitude of the TEP de­
pends quite strongly on the relative shape of the Fermi 
surface and the Brillouin zones, the shape of the Brlllouin 
zones being fixed by the crystal structure, it is highly 
likely that some transformations between the two crystal 
structures are taking place, even below room temperature, 
causing scatter in the data and lack of reproducibility of 
the curves. Lanthanum, with an empty Ijjf shell, has no low-
lying electrons with unpaired spin, and thus exhibits no 
ferromagnetic properties. This is exhibited also in the TEP 
curve, which has no pronounced maxima or minima or changes 
in slope except at about 20° K where a minimum occurs. 
Figure 7. Absolute thermoelectric power of lanthanum 
versus tenqperature 
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Praseodymium 
The TEP of praseodymium as a function of temperature 
is displayed in Figure 8. Only one minimum is noted, ap­
pearing at about 25° K. With two electrons in the l|f shell, 
praseodymium exhibits the double c-axis hexagonal structure 
as does lanthanum (56) in its hexagonal close-packed form. 
The TEP curves of the two metals are somewhat similar. 
There are no anomalies in the resistivity curve of James 
et al. (29) that suggest any magnetic transitions and none 
were noted in the TEP curve. 
Neodymium 
The curve of the TEP of neodymium as a function of tem­
perature is shown In Figure 9. No anomalous behavior is 
noted except the minimum about 35* K and the general scatter 
of data between 20° K and 120° K. Neodymium, like lanthanum 
and praseodymium, has the modified hexagonal close-packed 
structure (56), and Its TEP follows the same general tempera­
ture dependence as do those of lanthanum and praseodymium* 
The reason for the sweeping minimum at about 160° K is not 
understood. 
Behrendt et al. (5) report that neodymium is probably 
ferromagnetic at 1^.2° K. Parkinson et al. (1*7) have measured 
the heat capacity of neodymium end find two maxima at 7° K 
Figure 8. Absolute thermoelectric power of praseodymium 
versus temperature 
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and at 19° K. The electrical resistivity (29) of neodymium 
also indicates anomalous properties near liquid hydrogen 
temperature s• No indication of these transitions were ob­
served in the TEP. However, the TEP is changing very rapidly 
at these temperatures and any anomalies would be difficult 
to detect with the present experimental equipment. 
Samarium 
The TEP of samarium, plotted as a function of tempera­
ture, is shown in Figure 10. There is a barely discernible 
"bump" in the curve at about 105* K, the temperature of a 
large peak in the heat capacity curve as reported by Jennings 
et al. (31). Jennings reports that the second derivative of 
the heat capacity curve at the maximum of the anomaly is 
about 10 joules/g atom deg^, of the same order of magnitude 
as that observed for many magnetic transitions in the heavy 
rare earth metals. However, there is very little indication 
of this anomaly in the susceptibility measurements of Lock 
(39), Curry (13) In resistivity measurements on samarium, 
reports an anomaly In the resistivity versus temperature 
curve, also at about 1O5* K, which indicates some sort of 
magnetic ordering. 
The TEP of samarium is positive throughout almost the 
entire temperature range covered. This is true for only 
samarium and ytterbium of all the rare earth metals covered 
Figure 10e Absolute thermoelectric power of samarium 
versus temperature 
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in the present investigation. Also, samarium has a strange 
atom stacking of hexagonal layers ababcbcac—, and ytterbium 
is face-centered cubic. 
Gadolinium 
Gadolinium was the fourth element discovered to be 
ferromagnetic (61). It has been reported by Lagvold et al. 
(37) to have a ferromagnetic Curie point of 289* K; others 
(59, 61) give approximately the same value. Barson et al. 
(3) report a negative coefficient of expansion of Gd from 
28° C down to about — I4.O0 C, a region including the Curie 
point. A discontinuity in heat capacity exists at about 
291.5* K, according to Griffel et al. (23). Colvin et al. 
(11) report a sharp change in slope in the resistivity 
versus temperature curve between 291* K and 292* K. Hence, 
it was of interest in the present study to extend the upper 
temperature range above 300* K to get a better picture of 
any abnormalities in TEP versus temperature. A change in 
slope of the TEP curve of gadolinium was observed at about 
290* K, as may be seen in Figure 11. The change in slope 
is not at all abrupt as it is for some of the other rare 
earths, as will be seen later. 
Gadolinium also shows the relatively sharp minimum in 
TEP at about 25* K. 
Figure 11. Absolute thermoelectric power of gadolinium 
versus temperature 
63 
0 i 1 1 r 
o 
% 
e* 
cr 
LLJ 
O 
CL 
y 
tr 
I— 
o 
LlI 
I 
LU 
O 
S 
cr 
LU 
- 2 
o 
o 
L o 
-3 
-4 o 
-5 
o 
o 
o 
o 
V 
0 o  0  o o o  0  
OO1 
°o O 0 o 
0 
J L 
40 
_l I I 1 I I L_ 
80 120 160 20( 
TEMPERATURE, ° 
160 200 240 280 320 
MATURE, °K 
64 
Terbium 
Terbium ic believed to have weakly bound antiferromag-
netic ordering for temperatures between 218* and 230° K, and 
to be ferromagnetic below 218* K (57). Barson et al. (3) 
found a region of negative coefficient of expansion from 
about -100® C to about -ij.0® G, a region including the Neel 
point and ferromagnetic Curie points mentioned above. Spe­
cific heat studies by Jennings et al. (32) reveal two anoma­
lies in the heat capacity curve of terbium plotted as a 
function of temperature. These are a "bump" at about 221* K 
and a sharp peak at 227.7* K. Colvin et al. (11) report a 
sharp change in the slope of the resistivity curve for 
terbium at 229* K and a slight increase in slope with in­
creasing temperature at 219* K. A change in slope of the 
curve of the TEP (Figure 12) of terbium versus temperature 
was found at about 232* K but no transition could be detected 
by this method near 220* K. 
The TEP curve of terbium shows also the sharp minimum 
at low temperature, coming at about 22* K. 
Dysprosium 
As was discovered by Trombe (60) and confirmed by Elliott 
et al. (19) and by Behrendt et al. (5), dysprosium is para­
magnetic above 179* K and antiferromagnetic below 85° K. 
Figure 12. Absolute thermoelectric power of terbium 
versus temperature 
Open circles denote run 1. Filled-in circles 
denote run 2. 
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Heat capacity measurements of Griffel et al. (24) show a 
sharp peak in the heat capacity versus temperature curve at 
171}° K and at 83#5° K. Electrical resistivity measurements 
of Hall et al. (26) on dysprosium single crystals and by 
Colvin et al. (11) on a polycrystalline sanple show a sharp 
increase in resistivity with increasing temperature at 90° K 
and a peak in the resistivity curve at 171|° K. Barscn et al. 
(3) report a negative coefficient of expansion for dysprosium 
between about l80° K and 110* K, a region that includes the 
Neel point. Their work did not cover the ferromagnetic Curie 
temperature. 
The TEP of dysprosium was measured on two different 
samples, labeled Dy I and Dy II. Curves of TEP plotted as a 
function of temperature for the two sanple s are shown in 
Figure 13. It is obvious frcra. looking at the figure that 
the magnetic transitions are more pronounced on Dy I, the 
sample with the highest purity (Dy I has a residual resis­
tivity of 2«1| x lCf6 ohm-cm compared to 9*0 x l<f^ ohm-cm for 
Dy II). Also the minimum near 20° K is somewhat larger for 
Dy I, at least indicating that this minimum is somehow con­
nected with amount of impurity. 
Figure 13. Absolute thermoelectric power of dysprosium I 
and dysprosium II versus temperature 
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Holmium 
Holmium, paramagnetic above 133° K, appears to be anti-
ferromagnetic between 20° K and 133° K, and ferromagnetic 
below 20° K (53)» The heat capacity curve of Gerstein et al. 
(21) shows sharp peaks at 132° K and at 19»lj-° K. In resis­
tivity measurements, Colvin et al. (11) found a peak at 
127° K and a change in slope of the resistivity curve at 
19° K. The TEP of holmium is shown in Figure ll*.. There is 
a sharp change in slope of the curve of TEP versus tempera­
ture near 130° K. The anomalous behavior at 20° K as reported 
by the investigators listed above on other properties is hard 
to recognize on the TEP curve. 
Erbium 
It is believed that erbium is ferromagnetic below 20° K, 
ant if err ©magnetic from 20° K to about 80° K and paramagnetic 
above 80° K (20, 22). The heat capacity curve (54) shows, 
in addition to the maxima at 19«9° K and 81*.* K, an additional 
maximum at 53*5° K which is not understood. Colvin et al. 
(11) report a pronounced minimum in the resistivity curve for 
erbium near 80° K but find no trace of the ferromagnetic-
ant if err omagne tic transition. The curve of the TEP of erbium 
as a function of temperature (Figure 15) clearly shows the 
Figure II4.. Absolute thermoelectric power of holmium 
versus temperature 
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Figure 15. Absolute thermoelectric power of erbium 
versus temperature 
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magnetic transition at about 85° K as a change of slope. 
However, below about 80° K there is a considerable amount of 
scatter in the data. An attempt to repeat the curve in this 
same temperature region resulted in the same type of scatter 
and the same general temperature dependence but did not give 
exactly the same magnitude of TEP. 
Thulium 
The TEP of thulium is shown in Figure 16. There is a 
sharp maximum and discontinuous change in slope at 55° K, a 
temperature corresponding to the 54*5° K reported by Colvin 
et al. (11) for a peak in the resistivity versus temperature 
curve* Measurements of the magnetic properties of thulium 
by Rhodes et al» (53) indicate that in addition to the Keel 
point near 5l° K there is a magnetic transition somewhere 
between 20.4.° K and 4.2° K. In some recent measurements, 
Davis and Bozorth (15) found thulium to be ant if err ©magnetic 
between 22° K and 60° K and ferromagnetic below 22° K. 
Colvin et al. (11), however, found no indication of a ferro-
magnetic-antiferromagnetic transition in their resistivity 
measurements and none is found in the present study of TEP. 
Figure 16. Absolute thermoelectric power of thulium 
versus temperature 
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ytterbium 
The l|f shell is filled prematurely in ytterbium, leaving 
only two electrons for conduction processes. This gives it 
properties entirely different from the other rare earths. 
Also, its crystal structure is face-centered cubic (56), 
which alone might account for its thermoelectric properties 
being different from the other rare earths. Curry et al. 
(13) found that not only was its electrical resistivity not 
proportional to temperature, but that it was somewhat lower 
than the resistivity of the rest of the rare earths. Mag­
netic susceptibility studies of ytterbium by Lock (38) show 
that the atoms have zero magnetic moment. 
The TEP of ytterbium is shown in Figure 17. Unlike the 
rest of the rare earths studied (with the exception of 
samarium), it has a TEP that is positive throughout most of 
the temperature range covered. Near 80° K, where the change 
was made from the use of liquid helium for the bath liquid 
to the use of liquid nitrogen, the two sections of the curve 
do not meet. As the procedure that was followed consisted 
of measuring the TEP from nitrogen temperature up to room 
temperature, followed by a measurement from helium tempera­
ture up to nitrogen temperature, the jack of joining of the 
two sections of the curve may be blamed on a hysteresis 
effect. This effect did not occur in any of the other metals 
Figure 17. Absolute thermoelectric power of ytterbium 
versus temperature 
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measured. No attempt was made to find the change in the 
curve due to hysteresis. 
It will be noted also that the TEP of ytterbium is 
somewhat larger than that for the other rare earths. Most 
of the others have TEP1 s of about -1 or -2 p.V/°K at room 
temperature, while that of ytterbium is about 27 nV/°K. 
Lutetium 
The absolute TEP of lutetium is shown in Figure 18. 
As would be expected because lutetium has a filled Ijf shell, 
no magnetic transitions are indicated. Colvin et al. (11) 
found that lutetium had a resistivity that indicated a normal 
behavior for metals. The temperature dependence of the TEP 
of lutetium is very close to that of yttrium. 
Figure 18. Absolute thermoelectric power of lutetium 
versus temperature 
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K: SUMMARY 
Tho Seebeck coefficients (or thermoelectric power) of 
yttrium, lanthanum, and eleven of the rare earths have been 
measured as a function of temperature for the temperature 
range of approximately 7° K to 300° K. A AT of some 2° to 
5° C was used between the two ends of a 3/16" diameter by 
2" long sample. The anomalous behavior reported by other 
investigators on specific heat, magnetic moment, resistivity, 
and heat capacity at the magnetic ordering temperatures is, 
in many instances, visible also in the curves of thermo­
electric power versus temperature• 
With the exception of samarium and ytterbium, the TBP's 
of the metals measured are negative throughout most of the 
temperature range covered. lanthanum, neodymium and praseo­
dymium, which have a double c-axis hexagonal close-packed 
crystal structure, have TEP's that show the same general 
temperature dependence. Also, the curves of the TEP of 
yttrium and lutetium, with filled inner shells, show striking 
similarities. 
The transition from paramagnetism to either ferromag-
netisrn or antiferromagnetism makes itself evident on the 
curves as a change in slope. However, the transition from 
ferromagnetism to antiferromagnetism shows up on the curve 
as a step in the one case (dysprosium) where it is unmis-
takedly evident. 
85 
lEhe theory of thermoelectric effects is still in its 
infancy. It is suspected that, before a comprehensive theory 
of thermoelectricity is evolved, the shape of the Fermi 
surfaces and the band structure of the metals will have to 
be known much more accurately than they are now. 
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APPENDIX 
On the following pages are tables of the experimental 
points taken during this investigation. Only temperature 
and absolute TEP are given, the TEP column being labeled 
Sg in accordance with the notation used previously. All 
raw data from which the calculations were made ara on file 
in the Low Temperature Laboratory, Institute for Atomic 
Research, Iowa State University of Science and Technology, 
Ames, Iowa. 
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Table 1, Thermoelectric power of yttrium 
Temp, 
°K 
S 
p,V/°K 
Temp, 
°K 
*S 
p.V/»K 
6.2 
7.7 
9.2 
12.0 
13.4 
1 
1 
o
o
o
o
o
 
R
f
e
&
S
S
 
77.5 
80.7 
88.1 
92.5 
97.8 
16.4 
17.8 
20.1 
21.5 
22.3 
0.23 
0.20 
0.05 
-0.04 
-0.11 
102.45 
107.Q5 
111.9 
116.6 
121.5 
23.2 
23*8 
2k.6 
1:1 
-0.20 
-0.29 
-0.39 
-0.L9 
-0.58 
127.1 
135.5 
142.6 
150.1 
157.1 
26.9 
28.7 
ihi 
37.1 
-0.68 
-0.94 
-1.35 
-1.64 
-2.14 
164.5 
172.1 
179.4 
186.9 
194*2 
40.3 
50.0 
53.3 
-2.55 
-2.95 
-3.26 
-3.48 
-3.73 
202.5 
210.3 
217.6 
225.6 
233.5 
!?:! 04.0 
67.5 
70.9 
-3.92 
-4*io 
-4*33 
-4*46 
-4.56 
241.2 
249.2 
259.3 
269.6 
279.9 
74.3 -4*&5 290.0 
-4«7l 
-4.*76 
-4.77 
-4.75 
-4*69 
-4*64 
:fcg 
-4*43 
-4*32 
-4*14 
-3*98 
-3*74 
-3*60 
-3*42 
-3.21 
-3.06 
-2*86 
-2*68 
-2.46 
-2*28 
-2.11 
-1.92 
-1.74 
-1.58 
-1.41 
-1.22 
-1.03 
—0.88 
-0.76 
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Table 2. Thermoelectric power of lanthanum 
Temp. Sg Temp. Sg 
°K nV/°K °K itV/°K 
10.0 -4.02 93.6 -2.80 
12.5 -4*60 98.6 -2.78 
14.7 -4.57 103.4 -2.77 
16.7 -4.66 108.2 -2.75 
18.2 -4.63 113.1 -2.72 
19.3 -4.6I 119.8 -2.66 
20.2 -4.6O 125.4 -2.64 
21.3 -4.63 130.2 -2.60 
22.9 -4.56 135*0 -2.60 
24.1 -4.58 139.9 -2.60 
26.4 -4.51 145.2 -2.52 
28.9 -4.48 149.8 -2.52 
31.8 -4.43 154.6 -2.51 
33.5 -4.36 159.4 -2.51 
36.9 -4.13 164.2 -2.48 
39.4 -4.OO 169.5 -2.40 
42.2 -3.85 174.4 -2.34 
45.7 -3.68 179.8 -2.29 
9.1 -3.51 184-9 -2.24 
3.5 -3.38 192.1 -2.12 £ 
57.7 -3.22 200.0 -2.07 
60.9 -3.09 207.6 -1.97 
64.8 -3.01 216.0 -1.78 
68.4 -2.93 223.7 -1.68 
71.9 -2.93 231.25 -1.61 
75.5 -2.90 239.6 -I.45 
78.7 -2.88 249.35 -1.31 
80.7 -2.89 259.5 -1.19 
84.2 -2.87 270.35 -Î.O4 
89.3 -2.82 280.85 -0.91 
291.2 -0.77 
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Table 3. Thermoelectric power of praseodymium 
Temp. Sg Temp. Sg 
°K ttV/°K °K ttV/6K 
6*6 
7.4 
10.3 
12.1 
17.6 
-3.57 
-3.80 
-5.55 
-6.11 
-7.90 
100.2 
104.9 
109.7 
114.4 
119.1 
-4» 04 
-4.04 
-4* 06 
-4.07 
-4.10 
19.3 
21.1 
22.4 
23.7 
24.9 
-8.14 
-8.h2 
-lis! 
-8.62 
123.8 
128.5 
133.7 
138.3 
143.6 
-4.20 
-4.21 
26.0 
27.5 
29.2 
31.2 
32.0 
-8.58 
-8.52 
-8*30 
-8.01 
-7.93 
148.5 
m 
162.7 
167.4 
-4.23 
-4.22 
-4*23 
-4.23 
-4.25 
ikl 
Si 
51.8 
-61^6 
-5.15 
m 
m 
205.5 
t# 
tio 
-4.04 
55.7 
60.1 
64.3 
67.7 
71.9 
-4.86 
-4.62 
:fc£ 
-4.20 
213.5 
220.9 
231.8 
242.4 
253.1 
-3.96 
-3.90 
-3.79 
-3.64 
-3.45 
76.6 
82.5 
87.1 
95%5 
-4.10 
-4.05 
-4.02 
-4.OO 
-4.02 
263.2 
273.5 
284.0 
294.5 
-3.32 
-3.14 
-3.00 
-2.82 
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Table 4* Thermoelectric power of neodymium 
Temp. 3g Tenç. Sg 
°K ttV/°K °K iiV/°K 
5.6 -1.15 
6.9 -1.54 
7*6 -1.72 
8.5 -1.88 
9.6 -2.03 
11.15 -2.37 
12.1 -2.41 
13.9 -2.84 
15.6 -3.09 
16.6 -3.20 
18.1 -3.43 
18.9 -3.53 
21.2 -3.78 
22.4 -3.93 
23.9 -4-07 
25.0 -4.14 
26.2 -4.22 
28.1 -4.28 
29.55 -4.30 
31.9 -4.34 
36.5 -4.32 
39.35 -4*32 
42.1 -4*33 
' " .9 -4.32 $ 47.6 -4.24 
50.7 -4.16 
.6 -4*16 U 56.8 -4*13 
60.3 -4. 
63.7 -4. 
67.8 -4*10 
71.1 -4*08 
74.8 -4.14 
78.2 -4.20 
81.65 -4.25 
83.5 -4.30 
85.6 -4.33 
89.4 -4.38 
92.7 -4.39 
96.1 -4.43 
100.5 -4.49 
104.5 -4.51 
108.9 -4.55 
112.8 -4-56 
117.7 -4*62 
122.0 -4» 63 
128.9 -4.69 
133.8 -4.71 
139.0 -4» 72 
143.5 . -4.73 
150.85 -4.76 
158.4 -4»76 
165.5 -4.75 
172.9 -4.75 
180.2 
-4.74 
187.6 -4.70 
198.2 -4*65 
208.6 -4.50 
218.9 -4*39 
228.9 -4*29 
239.7 «4* 18 
250.0 -4.07 
260.0 -3.95 
270.5 -3.80 
280.7 -3.71 
291.2 -3.62 
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Table 5« Thermoelectric power of samarium 
Temp. Sg 
°K iiV/°K 
5.2 - -0.33 
7.1 -0.29 
9.35 -0.26 
10.3 -O.28 
11.6 -0.15 
12.5 0. 00 
13.5 0.15 
15.0 0.30 
17.15 0.43 
19.2 0.49 
20.1 0.52 
21.95 0.54 
23.15 0.5? 
24.65 0.54 
26.2 0.54 
28.5 0.52 
30.9 0.50 
33.7 0.47 
36.1 0.47 
38.2 0.45 
41.0 0.45 
43.3 0.1*4 
45.9 0.46 
48.3 0.47 
51.5 0.47 
53.3 0.49 
56.5 0.52 
59.5 0.53 
63.2 0.56 
67.05 0.60 
70.85 0.61 
74-8 0.64 
78.9 0.65 
81.9 0.66 
83.5 0.67 
Temp. Sg 
°K iiV/°K 
85.1 0.67 
87.8 0.68 
90.8 0.67 
94.6 0.66 
98.05 0.64 
100.1 O.64 
103.2 0.65 
106.15 0.66 
109.1*5 0.73 
114.2 0.76 
119.0 0.79 
123.7 0.82 
127.8 0.85 
132.3 0.89 
136.9 0.91 
142.2 0.95 
11*6.1 0,98 
151.3 1.01 
156.0 1.0k 
161.0 1.07 
165.9 1.10 
170.7 1.13 
175.7 1.16 
180.65 1.19 
185.9 1.22 
190.9 1.24 
195.8 1.28 
200.8 1.32 
205.9 1.34 
211.3 1.37 
216.5 1.39 
221.9 1.44 
227.0 1.47 
231.9 1.50 
239.0 1.53 
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Table 5. (Continued) 
Temp. SS Temp. SS 
°K HV/°K °K liV/°K 
247.5 1.57 278.3 1.69 
255.35 1.61 286.9 1.70 
263.0 1.6k 294*7 1.72 
270.1 1.65 
Table 6. Thermoelectric power of gadolinium 
Temp. Sg Temp. Sg 
°K liV/°K °K HV/eK 
6.6 
8.8 
9.7 
10.9 
12.45 
-1*16 
-1.83 
-2.07 
-2.48 
-3.12 
23.5 
24.4 
25.3„ 
26.25 
27.25 
-5.67 
-5.73 
-5.77 
-5.77 
-5.74 
13.8 
lk.8 
15.75 
16.95 
17.9 
-3.62 
-3.97 
-4*27 
til 
28.1 
28.95 
33.4 
39.15 
42.65 
-5.72 
-5.68 
-5.53 
-5.24 
-5.12 
18.7 
19.9 
20.8 
21.9 
22.6 
^5 
-5.39 
-5.42 
-5.60 
46.3 
49.6 
53.5 
57.1 
60.8 
-4.95 
ti 
-4.66 
-4.60 
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Table 6. (Continued) 
Temp. SS Temp* S8 
°K HV/®K °K HV/®K 
65.05 
68.6 
72.25 
fcÉ 
-4.53 
-4.51 
-4.46 
tfo 
194.75 
199.8 
204.8 
210.4 
215.55 
-4*76 
-4*63 
-4*48 
-4.26 
-4« 03 
81.9 
85.85 
90.7 
95.9 
100.2 
-4*38 
-4*33 
-4*30 
-4.30 
-4*31 
220.85 
226.3 
231.4 
236.7 
242.0 
-3.78 
-3.51 
-3*26 
-3.02 
-2.76 
104.9 
109.85 
115.0 
119.9 
125.1 
-4.33 
tîe 
-tfz 
2k7.5 
252.8 
257.65 
262*45 
267.75 
-2.52 
-2.27 
-2.11 
-1.92 
-1.75 
129.6 
134.9 
139.8 
-4.57 
-4.65 
-4.73 
-4.80 
-4*87 
272.8 
278.1 
283.6 
288.3 
293.6 
-1.60 
-1*48 
-I.36 
-1.28 
-1.23 
85:1 
164.3 
169.55 
174.3 
-4*92 
-4*98 
-5*02 
-5.01 
-5.01 
298.9 
304-3 
309.5 
314.5 
319.8 
-1.17 
-1.11 
-1.Q5 
-1.02 
-O.96 
179.55 
SM 
-5.00 325.0 
330.2 
335.8 
-0.90 
-0.85 
-0.79 
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Table 7. Thermoelectric power of terbium (Run 1) 
Temp. SS Temp. ss 
°K H-V/°K °K tiV/°K 
6.8 -0.49 74.6 -0.30 
10.3 -0*95 78.0 -O.44 
11.7 -1.29 82.95 -O.o5 
12.6 -1.55 • 89.4 -1.00 
13.6 -1.79 94.3 -1.29 
14.3 -1.94 98.85 -1.57 
15.3 -2.11 104.3 -1.90 
16.1 -2.30 109.15 -2.21 
17.2 -2.46 113.5 -2.46 
18.2 -2.68 118.9 -2.79 
19.0 -2.65 123.3 -3.06 
19.9 -2.66 128.6 -3.29 
20.6 -2.71 133.2 -3.50 
21.7 -2.69 138.5 -3.71 
22.4 -2.68 143.5 -3.87 
23.1 -2.59 148.7 -4*01 
23.9 -2.60 153.3 -4.08 
24.8 -3«53 158.55 -4.14 
25.4 -2.46 163.65 -4*14 
26.0 -2.42 168.55 -4.09 
26.6 -2.33 173.7 -4*02 
27.3 -2.27 178.6 -3.89 
28.0 -2.19 183.65 -3*72 
28.7 -2.09 188.2 
-3*54 
31.45 -I.74 193.3 -3.32 
36,4 -1.19 198.7 -3* 08 
39.6 -0.87 203.8 -2.86 
43.6 -0.56 208.7 -2.63 
49.85 -0.21 214.0 -2.40 
53.2 -0.09 219.25 -2.19 
56.85 -0.03 224.5 -1.93 
60.7 -0.01 229.7 -1.73 
63.6 -0.02 235.1 -1.59 
67.8 -0. 09 240.45 -1.48 
70.9 -0.19 245.4 -I.41 
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Table 7. (Continued) 
Temp. ss Temp. ss 
°K liV/°K °K ttV/°K 
250.3 
255.5 
ill:?! 
270.9 
-1.33 
-1.25 
-1.18 
-1.11 
-1.05 
276.05 
281.3 
286.25 
291.4 
-0.98 
-0.92 
-0.87 
-0.81 
Table 8. Thermoelectric power of terbium (Run 2) 
Temp. ss Temp. SS 
°K \lV/°K °K tiV/°K 
81.1 
87.9 
95.2 
-0.53 
-0.89 
-1.34 
-1.94 
-2.66 
170.6 
185.8 
200.65 
216.4 
234» 7 
-4.11 
-3.70 
-3.04 
-2.39 
-1.67 
126.1 -3.18 
-3.82 
-4.12 
252.5 
275.5 
-1.37 
-1.11 
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Table 9» Thermoelectric power of dysprosium I 
Temp. Sg Temp» Sg 
°K \lV/° K °K iiV/°K 
7.8 0.17 84.95 -1.02 
9.3 -0.02 86.1 -1.10 
11.9 -O.48 85.9 -1.18 
13.8 -O.83 87.7 -1.26 
15.2 -0.97 88.6 -1.37 
16.5 -1.04 89.5 -1.54 
17.6 -1.05 90.35 -1.87 
18.7 -0.99 91.0 -2.64 
19.5 -0.91 92.1 -3.26 
20.6 —0.83 93.15 -3.45 
21.8 -0.66 93.45 -3.48 
22.9 -O.49 97.2 -3.92 
23.7 -0.37 99.5 -4.O8 
24.35 -O.28 102.8 -4.25 
25.2 -O.14 106.05 -4.40 
26.3 0.04 110.45 -4.6I 
27.2 0.16 115.0 —4.80 
28.3 0.32 119.8 -4.95 
29.55 0.49 124.9 -5.O6 
30.8 0.63 130.25 -5.10 
33.9 0.93 134.8 -5.10 
36.9 1.16 139.9 -5.03 
41.45 1.37 145.1 -4-89 
44.75 1.42 150.1 —4» 66 
48.6 1.40 154.9 -4.40 
52.4 1.31 160.0 
-4.09 
55.7 1.20 164.55 -3.72 
59.3 1.03 169.25 -3.33 
62.7 0.81 174.6 -2.92 
66.6 0.55 179.7 -2.81 
69.6 0.31 184.6 -2.87 
73.7 -0. 02 189.6 -2.84 
76.8 -0.29 194.7 -2.76 
80.25 -0.59 199.7 -2.69 
83.9 -0.91 204.6 -2.63 
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Table 9. (Continued) 
Temp. Sg Temp. Sg 
°K tiV/°K °K nV/°K 
209.9 -2.55 277.0 -1.51 
214-7$ -2.45 282.2 -I.42 
219.9 -2.38 287.15 -1.37 
225.2 -2.30 169.15 -3.36 
230.3 -2.22 171.8 -3.12 
235.4 -2.15 173.8 -2.95 
240.9 -2.0$ 17L.7 -2.89 
2L6.1 -1.96 175.8 -2.82 
251.1 -1.88 176.7 -2.80 
256.5 -1.79 178.25 -2.75 
261.5 -1*71 179.45 -2.78 
266.5 -1.66 181.25 -2.87 
271.3 -1.59 182.7 -2.87 
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Table 10. Thermoelectric power of dysprosium II 
Temp. SS Temp. SS 
°K ttV/°K °K tiV/°K 
7.4 -0.55 103.15 -5*26 
9.8 —o® 76 109.5 -5.54 
11.0 -1.03 115.1 -5.75 
13.0 -1.47 122.6 -5.98 
15.8 -2.16 129.8 -6.04 
18.9 -2.54 137.0 -5.99 
20.5 -2.63 143.8 -5.80 
22.6 -2.64 151.8 -5.44 
24.6 -2.56 159.2 -4.86 
26.8 -2.37 166.8 -4.10 
28.9 -2.12 174.0 -3.24 
30.9 -1.90 175.1 -3.11 
34.1 -1.58 176.1 -3.02 
38.6 -1.23 177.2 -2.90 
43.5 -0.97 178.3 -2.8O 
47.5 : -0.88 179.1 -2.74 
50.8 -0.88 180.0 -2.69 
55.3 -0.94 181.0 -2.65 
60.5 -1.13 182.0 -2.64 
64.9 -1.31 184.15 -2*58 
69.7 -1.58 189.1 -2.49 
74-6 -1.90 196.3 -2.33 
79.8 -2.28 206.55 -2.13 
83.0 -2.52 217.0 -1.93 
87.6 -2.96 227.2 -1.75 
89.0 -3.15 237.9 -1.58 
90.4 -3.48 243.3 -I.48 
92.2 -4.09 253.5 -1.32 
93.9 -4*48 268.3 -I.06 
97.4 -4.92 286.2 -0.8I 
loi*. 
Table 11. Thermoelectric power of holmium 
Temp. 
°K 
8.2 
9.7 
11.35 
12.35 
14.7 
16.2 
17. k 
18.5 
19.8 
20.6 
21.25 
22.2 
23.0 
23.7 
24.65 
25.4 
26.2 
26.95 
27.7 
28.5 
29.35 
i£8 
40.3 
6? 
53.8 
57.5 
60.9 
64.1 
67.8 
71.3 
ss 
Temp. SS 
tiV/°K °K HV/°K 
-1.10 75.3 -4.57 
-1.46 78.25 -4.83 
-1.83 81.3 -5.13 
-2.12 82.3 -5.27 
-2.53 85.0 -5.55 
-2.70 88.3 -5.86 
-2.81 93.5 -6*30 
-2.87 96.5 -6.48 
-2.86 100.4 -6.58 
-2.91 103.7 -6.54 
-2.91 108.7 -6.30 
-2.93 111.5 -6.00 
-2.91 115.2 -5.56 
-2.93 118.6 -5.04 
-2.94 123.6 -4.31 
-2.93 128.3 -3.87 
-2.94 130.3 -3.80 
-2.93 132.4 -3.76 
-2.94 134.4 -3.74 
-2.93 136.7 -3.70 
-2.93 139.6 -3.66 
-2.93 144.4 -3.57 
-2.96 149.3 -3.48 
-3.01 154.4 -3.39 
-3.05 159.1 -3.31 
-3.14 164.25 -3.23 
-3.25 169.0 -3.15 
-3.31 173.7 . -3.08 
-3.42 179.1 -3.00 
-3.52 183.7 -2.93 
-3.65 189.0 -2.83 
-3.78 194.1 -2.7k 
-3.91 204.3 -2.55 
-4.08 214.9 -2.35 
-4.31 225.1 -2.18 
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Table 11. (Continued) 
Temp. Sg Temp. Sg 
°K nV/°K °K nV/°K 
235.7 -2.01 277.5 -1.37 
2li6.0 -1.84 287.6 -1.22 
256.9 -1.66 298.15 -1.09 
266.9 -1.53 
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Table 12. Thermoelectric power of erbium 
Temp. SS Temp. SS 
°K tiV/°K °K tiV/°K 
7.6 -1.90 86.0 -3.66 
10.8 -3.05 90.3 -3.58 
12.k -3.22 95.0 -3.58 
16.7 -3«4o 99.1 -3.54 
19.1 -3»43 103.9 -3.48 
21.7 -3.61 108.6 -3.44 
23.2 -3.72 113.5 -3.37 
2k. 7 -3.79 117.8 -3.31 
25.6 -3.77 121.9 -3.25 
26.6 -3.76 127.2 -3.17 
28.1 -3.58 131.9 -3.07 
28.9 -3.63 136.7 -3.00 
29.4 -3.64 144.I -2.85 
31.8 -3.57 150.9 -2.73 
32.5 -3.67 158.2 -2.60 
34.3 -3.7 2 165-45 -2.47 
36.0 -3.73 172.8 -2.35 
37.8 -3.79 180.6 -2.19 
39.1 -3.86 188.0 -2.03 
40.5 -3.84 195.2 -1.87 
43.1 . -3.95 202.9 -1.71 
46.0 -4» 07 213.0 -I.50 
k8.2 -4.2I 223.2 -1.31 
51.6 -4*53 233.9 -1.10 
55.9 -4.92 244.6 -0.89 
59.9 -4»93 254.6 -0.71 
64.3 -4«68 264.6 -0.53 
72.7 
-4.34 275.5 -O.37 
80.8 
-3.95 285.7 -0.21 
82.8 -3.79 296.1 
-0.05 
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Table 13. Thermoelectric power of thulium 
Temp. Sg Temp. Sg 
°K nV/eK °K nV/°K 
7.7 0.08 86.3 -1. 08 
9.5 0.16 91.05 -1.09 
12.4 0.25 95.8 -1.09 
lk. !+ 0.30 100.7 -1.07 
16.0 0.30 105.4 -1.04 
17.6 0.28 109.7 -1.03 
20.3 0.19 114.6 -0.99 
21.8 0.10 119.5 -0.96 
23.3 -0.03 12L.5 -0.92 
24.6 -0* 16 128.9 -0.85 
26.8 -0.36 134.1 -0.79 
29.9 -0.57 139.0 -0.71 
31.7 -0.75 146.O -O.62 
34.1 -0.89 153.15 -0.50 
34.9 -0.93 160.4 -0.39 
36.5 -1.00 168.1 -O.26 
40.4 -1.11 175.3 -0.15 
44*3 -1.14 182.6 -0.04 
47.25 -1. 00 190.6 0.09 
50.5 -0.82 197.9 0.22 
54.5 -0.56 205.6 0.35 
59.3 -0.67 215.9 0.54 
62.8 -o. 74 225.8 0.72 
66.9 -0.83 236.7 0.90 
70.3 -0.90 247.1 1.09 
74.4 -0.98 256.9 1.26 
77.5 -0.98 267.2 1.43 
81.3 -1.01 277.7 1.58 
82.5 -1.01 288.5 1.75 
84.5 -1.04 
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Table II4.# Thermoelectric power of ytterbium 
Temp* ss Temp. SS 
°K tiV/°K °K tiV/°K 
10.3 0.83 79.0 0.08 
12.9 0.21 82.0 0.33 
12.6 0.07 82.0 0.29 
17.8 -0.39 97.7 1.77 
19.6 -0.24 81.8 -0.18 
20.7 -0*74 82.4 0.18 
22.2 -0.96 89.1 0.62 
23.1 -1.02 92.2 0.87 
24.5 -1.28 96.12 1.32 
22.9 -1.40 101.3 1.92 
26.8 -1.23 106.3 2.k0 
28.3 -1*64 110.9 2.87 
30.2 -1.85 112.2 3.39 
32.1 -1.89 120.8 3.99 
33.1 -1.92 122.3 4.49 
34.2 -1.98 130.4 2.13 
38.6 -2. 00 134.82 2.62 
la. 7 -2.02 140.0 6.28 
1+3.9 -2.03 144.7 6.86 
1*6.0 -1.91 150.02 7.24 
49.6 -1.84 124.9 8.16 
21.8 -1.68 129.7 8.78 
24.6 -1.61 164.9 9.43 
26.8 -I.49 169.8 10.08 
29.2 -1.33 174.62 10.72 
62.7 -1.16 179.9 11.43 
62.8 -0.93 182.0 12.08 
69.1 -0.69 190.1 12.73 
72.2 -O.46 192.0 13.43 
72.7 -O.18 200.3 14.12 
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Table ll+. (Continued) 
Temp* SS Temp. SS 
°K liV/eK °K jxV/°K 
205.7 
210.5 
215.5 
223 4 7 
231.6 
lk. 81 
15.1+7 
16.13 
17.2k 
18.28 
21+7.1 
255.0 
265.3 
275.7 
286.0 
20.36 
21.1+2 
22.87 
21+.27 
25.75 
239.1+5 19.33 296.35 27.28 
Table ]$• Thermoelectric power of lutetium 
Temp. SS Temp. SS 
°K HV/°K °K liV/°K 
7.7 0.29 22.1 -1.13 
8.9 0.33 23.0 -1.38 
12.1 0.1+1 23.9 -1.55 
lk.0 0.27 2k.6 -1.77 
15.2 0.17 25.1+ -1.95 
16.1+ -0.02 26.15 -2.16 
17.9 -0.22 26.95 -2.32 
19.0 -0.1+1 27.8 —2.56 
20.2 -0.69 28.7 -2.76 
21.05 -0.88 29.55 -2.97 
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Table 15. (Continued) 
Temp. s3 Temp. SS 
°K tiV/°K °K tiV/eK 
30. 4 
31.7 
32.9 
35.4-5 
39.3 
-3.16 
-1$ 
-4.21 
-i+. 81+ 
153.9 
158.5 
162.8 
168.1+ 
173.5 
-5.10 
-5* 00 
-4*93 
-4.79 
-4-72 
SKI 
51.6 
55.9 
60.1 
-5.53 
-5.90 
-6.55 
178.9 
184.0 
188.5 
193.65 
199.1 
-4.64 
-4.54 
-1+.21+ 
îk ï  
m 
81.4 
-6.59 
-6.63 
-6.6Ï+ 
-6.62 
-6.61 
203.85 
209.6 
211+.3 
220.0 
225.0 
-4.I5 
-I+.05 
-3.96 
ri:?! 
85.15 
89.95 
95.2 
100.0 
105.3 
-6.57 
-6.1+9 
-6.1+1 
-6.30 
-6.17 
230.1+5 
235.85 
21+0.85 
246.3 
251.6 
-3.70 
-3.62 
-3.53 
-3*46 
-3.37 
109.7 
llk.3 
118.8 
124.25 
129.0 
-6.10 
-5.95 
-5.88 
-5.75 
-5.61+ 
256.7 
261.55 
266.65 
272.25 
277.5 
-3.31 
-3 • 24 
-3.19 
-3.12 
-3.06 
133.8 
138.75 
IM4..0 
W.I 
-5.5U-
-5.1+1 
-5.31 
-5.20 
282.3 
287.8 
292.9 
-3.01 
-2.96 
-2.90 
